Abstract: Very recently, a report on the antioxidant activity of fl avonoids has appeared, where authors concluded that Hydrogen Atom Transfer mechanism represents the thermodynamically preferred mechanism in polar media (https://doi.org/10.1016/j.foodres.2018.11.018). Unfortunately, serious errors in the theoretical part of the paper led to incorrect conclusions. For six fl avonols (galangin, kaempferol, quercetin, morin, myricetin, and fi setin), reaction enthalpies related to three mechanisms of the primary antioxidant action were computed. Based on the obtained results, the role of intramolecular hydrogen bonds (IHB) in the thermodynamics of the antioxidant effect is presented. Calculations and the role of solvation enthalpies of proton and electron in the determination of thermodynamically preferred mechanism is also briefl y explained and discussed. The obtained results are in accordance with published works considering the Sequential ProtonLoss Electron-Transfer thermodynamically preferred reaction pathway.
Introduction
Phenolic compounds are naturally present in almost all plant materials and represent an integral part of human diet. Tocopherols, fl avonoids and (poly)phenolic acids are considered the most important groups of naturally occurring phenolic antioxidants. Flavonoids were identifi ed in almost all parts of plants, such as leaves, stems, roots, fruits or seeds. Besides the antioxidant action, they exhibit other biological effects: antiviral, antibacterial, anti-infl ammatory, anticancer, vasodilatory and anti-ischemic (Procház-ková et al., 2011) . From the structural point of view, they consist of benzene ring, A, condensed with heterocyclic ring, C, and phenyl ring, B, attached on C2 carbon atom (Fig. 1) . Experimental reports on fl avonoids radical scavenging activity (primary antioxidant effect) have shown that the following structural features are required (Bors, et al., 1990; Burda and Oleszek, 2001; Croft, 1998; Procházková et al., 2011; Rice-Evans et al., 1996) : (i) catechol (ortho-dihydroxy) structure of the B ring enabling electron delocalization in the formed phenoxy radical, (ii) C2=C3 double bond conjugated with C4=O keto group in the C ring providing electron delocalization from the B ring, (iii) hydroxy OH groups at positions 3 and 5 providing hydrogen bonds to C4=O group.
In general it is expected that radical scavenging activity of fl avonoids is mainly related to the B ring. The number and positions of OH groups in this ring play an important role. However, the total number of OH groups in fl avonoids also affects their antioxidant activity, because OH groups present in the C ring (3-OH neighboring with C2=C3 double bond) and A ring also contribute to the overall observed effect (Musialik et al., 2009; Rice-Evans et al., 1996; Trouillas et al., 2006) . Flavonoids as primary (chain-breaking) antioxidants scavenge free radicals via three mechanisms (Foti et al., 2004; Galano et al., 2016; Ingold and Litwinienko, 2005; Ingold, 2003, 2004; Musialik et al., 2009 ): 1. Hydrogen atom transfer (HAT) -one step mechanism where homolytic cleavage of phenolic O-H bond takes place; O-H bond dissociation enthalpy, BDE, represents the reaction enthalpy of this process. 2. Single Electron Transfer-Proton Transfer (SET-PT), also known as Sequential Electron Proton Transfer (SEPT) -two-step mechanism, where electron abstraction from antioxidant is followed by proton transfer.
Sequential
Proton-Loss Electron-Transfer (SPLET) -two-step mechanism, where OH group deprotonation is followed by electron transfer.
Thermodynamics of the Single Electron Transfer-Proton Transfer (SET-PT) mechanism is described by Ionization Potential (IP) and Proton Dissociation Enthalpy (PDE). Proton Affi nity (PA) of the phenoxide anion and Electron Transfer Enthalpy (ETE) represent reaction enthalpies related to the Sequential Proton-Loss Electron-Transfer (SPLET) mechanism. Very recently, Chen et al. (2018) published a paper focused on the theoretical and experimental study of antioxidant activity of fl avonoids. Unfortunately, theoretical calculations show serious inaccuracies.
Erroneous thermodynamic data for HAT, SET-PT and SPLET mechanisms enabled the authors to draw incorrect conclusions which disagree with available literature. Therefore, the aims of this work are: (i) to explain all details and general rules of a reliable theoretical study of primary antioxidant action thermodynamics, (ii) to present re-calculated reaction enthalpies for six fl avonols (galangin, kaempferol, quercetin, morin, myricetin, and fi setin) in ethanol and acetone, and (iii) to confi rm that found values allow drawing conclusions in agreement with available experimental and theoretical reports. 
Computational details
All calculations were performed using the Gaussian 09 program package (Frisch et al., 2013 (Zhao and Truhlar, 2008) functional without any constraints (energy cut-off of 10 -5 kJ mol -1 , fi nal RMS energy gradient under 0.01 kJ mol -1 Å -1 ). Calculations were performed using the 6-311+G(d,p) basis set (Binkley et al., 1980; Rassolov et al., 2001) . Solvent (ethanol and acetone) contribution to the total enthalpies was computed employing SMD polarized continuum model (Solvation Model based on the quantum mechanical charge density of a solute molecule interacting with a continuum) developed by Marenich et al. (2009) . Optimized structures were confi rmed to be real minima by frequency analysis. O-H bond dissociation enthalpies, BDE, ionization potentials, IP, proton dissociation enthalpy PDE, phenoxide anion proton affi nity, PA, and electron transfer enthalpies, ETE, values were calculated (Parker, 1992) for acetone and ethanol were employed, respectively.
Results and Discussion
For the studied fl avonols, calculated solutionphase reaction enthalpies are compiled in Tables 1 (ethanol) and 2 (acetone) which also show results published by Chen et al. (2018) . Table 1 summarizes also data for quercetin found using identical computational approach, i.e. (SMD) M06-2X/6-311+G(d,p) (Zheng et al., 2017a) . In the tables, the lowest values of individual reaction enthalpies for each fl avonol are set in italic.
Structure of fl avonoids and the role of intramolecular hydrogen bonds
Optimum geometries of the studied fl avonoids must preserve all possible intramolecular hydrogen bonds (IHB). Geometries used for the calculations signifi cantly affect the electronic structure of the studied species and consequently the energetics of homolytic or heterolytic O-H bonds cleavage. If the hydrogen atom of OH group participates in IHB, HAT or proton loss requires also the disruption of the hydrogen bond. As a result, an increase in O-H BDE, PDE or PA values can be observed. Therefore, 5-OH BDE, PDE and PA are usually the highest ones in fl avonols, as it is evident from our results in Tables 1 and 2 . Analogously, in case of the ortho-dihydroxy structure of the B ring, values for the 3´-OH group are higher than those obtained for the 4´-OH group (see results for quercetin and fi setin in Tables 1 and 2 ). In galangin, kaempferol, quercetin, morin, myricetin, chrysin, apigenin, and luteolin, Chen et al. (2018) neglected the C4=O···H-O5 intramolecular hydrogen bond (IHB). Besides, the proposed optimum structure of fi setin assumes no IHB between 3´-OH and 4´-OH groups, while in other molecules, the mutual orientation of the two OH groups on the B ring is correct. In Fig. 2 , correct geometries of quercetin and fi setin obtained in this work are depicted. For quercetin, Galano et al. (2016) showed that IHB between 3´-OH and 4´-OH groups leads to a more stable conformation, by 18.0 kJ mol -1 , compared to the conformation lacking IHB. This IHB also stabilizes the 4´-O
• phenoxy radical and results in a 12.5 kJ mol -1 decrease in 4´-OH BDE. In case of C4=O···H-O5, even stronger IHB is expected (Nazarparvar et al., 2012; Zheng et al., 2017b Zheng et al., , 2018 . In the solution-phase, the effect of IHB on phenolic O-H groups cleavage is lower compared to that in the gas-phase, but 5-OH BDE, PDE and PA values still belong to the highest ones obtained in fl avonoids (Lengyel et al., 2013; Lucarini et al., 2002; Marković et al., 2012 Marković et al., , 2013 Vagánek et al., 2012 Vagánek et al., , 2014 Zheng et al., 2019 Zheng et al., , 2018 Zheng et al., , 2017a Zheng et al., , 2017b . Using model compounds catechol, pyrogalol, and resorcinol, Thavasi et al. (2006) confi rmed the importance of IHBs for the antioxidant effect of polyphenols. In literature, various reports on fl avonoids with correct geometries, which are in agreement with Tab. 1. (SMD) M06-2X/6-311+G(d,p) reaction enthalpies in kJ mol -1 for selected fl avonoids in ethanol: Chen et al. (2018 ) / this work, or Zheng et al. (2017a Thermodynamically preferred mechanism vs solvation enthalpies of proton and electron Solution phase calculations of reaction enthalpies related to SET-PT and SPLET require the application of total enthalpies of electron, H(e -), and proton, H(H + ), in the studied solvent (eqs. 2-5). Using implicit solvation models, such as variants of the Polarized Continuum Model (PCM), solvation enthalpies of proton,  sol H(H + ), and electron,  sol H(e -), can be simply calculated from the defi nition of the solvation enthalpy as follows (Marković et al., 2016; Rimarčík et al., 2010) 
) (7) using the computed total enthalpies of solvent mole cule S, solvated by the solvent itself H(S, sol) and total enthalpies of (S-H) + and (S-e)
•-species that represent proton and electron added to the single solvent molecule, respectively. Marković et al. (2016) (Marenich et al., 2009 ) and IEF-PCM (Cances and Mennucci, 1998; Cances et al., 1997) , were used in the two works, B3LYP results in the two papers can be considered similar (Marković et al., 2016) . Table 3 summarizes B3LYP, M05-2X, and M06-2X solvation enthalpies for common solvents (ordered by their increasing polarity) published in the two papers, as well as (SMD) M06-2X/6-311+G(d,p) solvation enthalpies c orresponding to the computational method employed in this work. Chen et al. (2018) did not specify the employed total or solvation enthalpies of proton and electron. However, the IPs, PDEs, PAs, and ETEs determined indicate the use of incorrect values. Due to BDEs being lower than IP and PA values, the authors anticipate that HAT represents the thermodynamically preferred reaction mechanism of antioxidant activity of fl avonoids in ethanol and acetone. Comparing our results with data obtained by , discrepancies in PAs and PDEs reached roughly 500 kJ mol -1 in ethanol (Table 1 ) and more than 400 kJ mol -1 in acetone ( Tables 1 and 2 ). For quercetin, available calculated reaction enthalpies in aqueous solution are provided in Table 4 . Although shifts in IP, PDE, PA, and ETE values are apparent, all methods provide practically identical general trends. The observed shifts stem from the application of different computational approaches (functionals, basis sets, and solvation models) employed in the published works. Also, the used solvation enthalpies of electron and proton may contribute to the uniform shifts considerably and therefore total or solvation enthalpies of proton and electron used in all calculations of reaction enthalpies have to be specifi ed. From the thermodynamics point of view, the tendency to enter a reaction mechanism is driven by BDE, IP and PA because in the two-step SET-PT and SPLET mechanisms, the energetics of the fi rst step is determining. Despite the differences induced by various computational methods, data in Tables  1, 2 , and 4 unambiguously show that SPLET is the thermodynamically preferred mechanism in polar solvents such as ethanol, acetone and water. It is also worth to point out that confrontation of solution-phase reaction enthalpies summarized in Tables 1, 2, (Marković et al., 2016) . B3LYP data in parentheses were calculated using IEF-PCM method (Rimarčík et al., 2010) . and water Marković et al., 2013; Vagánek et al., 2014; Zheng et al., 2019 Zheng et al., , 2018 Zheng et al., , 2017a Zheng et al., , 2017b indicate that the three polar solvents exert similar effect on the reaction enthalpies for processes involving charged species, where solvation plays an important role. On the contrary, solvent induces only minute changes in BDEs because they are calculated from the total enthalpies of neutral species only. Our values compiled in Tables 1 and 2 are in accordance with previously published experimental (Foti et al., 2004; Ingold and Litwinienko, 2005; Ingold, 2003, 2004; Musialik et al., 2009; Staško et al., 2007) and theoretical reports Lengyel et al., 2013; Marković et al., 2013; Toscano and Russo, 2016; Vagánek et al., 2012 Vagánek et al., , 2014 Vakarelska-Popovska and Velkov, 2016; Zheng et al., 2019 Zheng et al., , 2018 Zheng et al., , 2017a Zheng et al., , 2017b concluding that SPLET is the favored reaction pathway in polar solvents.
Preferred reaction sites in studied fl avonols
For the HAT mechanism, data in Tables 1 and  2 indicate that the lowest BDE values were found for 4´-OH group on the B ring or for the 3-OH group on the C ring. Comparing the results for kaempferol, quercetin and myricetin possessing one, two and three OH groups on the B ring, BDE values reveal that 4´-OH BDE in myricetin with pyrogallol (trihydroxy) structure of the B ring is the lowest one, while in kaempferol with only one OH group on the B ring, 4´-OH BDE is the highest one in this series. In kaempferol, the lowest BDE was found for 3-OH group analogously to galangin that has no OH group on the B ring. For morin with two OH groups on the B ring, the corresponding BDEs are signifi cantly higher because the two groups are mutually in meta position, where OH group shows electron-withdrawing effect resulting in the increased BDE (Klein and Lukeš, 2006) . In morin, the 3-OH group shows the lowest BDE. For quercetin in ethanol, 3-OH and 4´-OH BDE reached identical values. 5-OH and 7-OH groups of the A ring have the lowest tendency to homolytic O-H bond cleavage. From the thermodynamic cycle it follows that identical trends hold also for proton dissociation enthalpies in the SET-PT mechanism as the second step of the SET-PT mechanism also results in phenoxy radical formation.
Tab. 4. Published DFT and semi-empirical PM6 reaction enthalpies in kJ mol -1 for quercetin in aqueous solution. The lowest values for a molecule are in italic. Another key factor of radical species stability, spin density, is shown for quercetin in ethanol in Fig. 3 .
The 7-OH radical has the highest spin density on the O-atom and BDE compared to the 3-OH and 4´-OH radicals having the lowest spin density on the O-atom and BDEs. This means that the formation of the latter radicals is more favorable as the spin density is more delocalized over the whole molecule and the species are more stabilized. In case of 5-OH BDE, the higher value is caused by hydrogen bond cleavage during hydrogen atom transfer and not by the spin density distribution. These results are comparable with those obtained by Zheng et al. (2017a) . For SPLET, data in Tables 1 and 2 indicate that in galangin, kaempferol, and morin, the 7-OH group is most prone to deprotonation. In quercetin, myricetin and fi setin, the 4´-OH group is the preferred one. However, for quercetin and fi setin, 4´-OH and 7-OH PA values in ethanol can be considered practically identical, the difference is only 2 kJ mol -1 . In acetone, 4´-OH and 7-OH PA values of the two fl avonols are again close and the differences do not exceed 6 kJ mol -1 . These data, as well as the published reaction enthalpies for quercetin in aqueous solution in Table 4 , unambiguously indicate the signifi cant role of the 7-OH group (ring A) in the overall antioxidant activity. For quercetin, Musialik et al. (2009) experimentally confi rmed that the anion formed at position 7 in ionization-supporting solvents is responsible for very fast kinetics of the quercetin/dpph• reaction because of the participation of both mechanisms: HAT (from catechol moiety in ring B) and SPLET (from ionized 7-hydroxyl in ring A). For isofl avones, Lengyel et al. (2013) found that deprotonation of the 7-OH group is thermodynamically favored in aqueous solution as well as in non-polar environment (benzene).
Thermodynamics of primary antioxidant action vs antioxidant activity
Activity of individual fl avonoids does not depend solely on their structure and the polarity of the environment. The type of scavenged radical and the kinetics related to the individual reaction pathways also play important roles (Galano et al., 2016 ; Galano and Raúl Alvarez-Idaboy, 2019; Procházková et al., 2011; Rice-Evans et al., 1996) . In general, other processes can also affect the experimentally observed radical scavenging activity of fl avonoids in polar environment. Recently, it has been shown that HAT from deprotonated fl avonoids is more thermodynamically feasible in comparison to parent (non-dissociated) fl avonoids; see for example Galano et al. (2016) , Galano and Raúl Alvarez-Idaboy (2019) , Klein et al. (2016) . This mechanism has been denoted as SPLHAT (Galano et al., 2016; Galano and Raúl Alvarez-Idaboy, 2019) because it represents the combination of the fi rst step of SPLET (deprotonation of phenolic OH group) followed by HAT from a different OH group of the formed anion. Relevance of both, SPLET and SPLHAT mechanisms for phenolic antioxidants in the polar ionization supporting solvents was indicated by many experiments and rationalized also by theoretical studies (Álvarez-Diduk et al., 2013; Dueñas et al., 2010; Foti et al., 2004; Galano et al., 2011; Ingold and Litwinienko, 2005; Klein et al., 2016; Lemańska et al., 2001 Lemańska et al., , 2004 León-Carmona et al., 2012; Ingold, 2003, 2004; Musialik et al., 2009; Staško et al., 2007) . Experimentally observed increase of free radical scavenging activity of polyphenols with the increase in pH can be related to lower O-H BDEs in deprotonated species. It can be assumed that the SPLHAT mechanism considerably contributes to the observed antioxidant action of fl avonoids in aqueous solutions.
Conclusion
In this report, a theoretical study of the thermodynamics of three mechanisms of primary antioxidant action of six fl avonols in two polar solvents is presented. Another important aim of this work was to provide an explanation of all issues to be aware of in order to perform reliable theoretical calculations providing correct values of the investigated reaction enthalpies. In general, computational chemistry offers reasonable predictions of antioxidant action thermodynamics for solution-phase reactions where no experimental data are available. Published theoretical papers allow deeper insight and explanation of the experimentally observed antioxidant effect. However, to obtain reliable theoretical results, certain general rules have to be obeyed: (i) It is necessary to use a suitable computational method. In antioxidant research, DFT methods are dominant. Previous studies have confi rmed the applicability of B3LYP (probably still the most popular one) (Becke, 1993; Lee et al., 1988) and newer M05-2X (Zhao et al., 2006) and M06-2X (Zhao and Truhlar, 2008) (Parker, 1992; Wilhelm and Battino, 1973 It should also be noted that the Gibbs free energy represents the general criterion of the thermodynamically favored mechanism. However, in case of the studied reactions, the absolute values of the entropic term, -T r S, are only a few units or tens of kJ mol -1 and the reaction Gibbs free energies,  r G =  r H -T r S, are just slightly shifted compared to the reaction enthalpies (Dewar, 1990; Klein and Lukeš, 2006; Rimarčík et al. 2010) . Thus, BDE, IP and PA values indicate the thermodynamically preferred mechanism. In polar solvents, the dif ferences between them are in hundreds of kJ mol -1 .
